Mucositis resulting from cancer chemotherapy is a serious disorder of the alimentary tract. Emu oil has demonstrated anti-inflammatory properties in animal models of arthritis and wound healing; however, its effects on the intestine remain unknown. We investigated emu oil for its potential to decrease the severity of mucositis in a rat model. Female Dark Agouti rats (110 -150 g) were orogastrically gavaged with emu oil (0·5 or 1 ml) or water (1 ml) for 5 d before intraperitoneal injection of 5-fluorouracil (5-FU, 150 mg/kg) or saline (control), and this was continued up to the day of sacrifice (48, 72 and 96 h post 5-FU administration). Histological (villus height, crypt depth (CD) and disease severity score) and biochemical (myeloperoxidase (MPO) activity) parameters were determined in intestinal tissues collected at sacrifice. Sucrase activity in vivo was quantified by the sucrose breath test. Activated neutrophil activity (MPO) in the ileum was significantly decreased by emu oil (0·5 ml, 451 (SEM 168) U/g and 1 ml, 503 (SEM 213) U/g) compared with 5-FU-treated controls (1724 (SEM 431) U/g) 96 h post 5-FU administration. There were also significant increases in CD (152 (SEM 8) mm) in the ileum of rats that receivied 1 ml emu oil at 96 h compared with 5-FU-treated controls (CD (106 (SEM 12) mm)). Emu oil did not affect sucrase activity. Emu oil decreased acute ileal inflammation, and improved mucosal architecture in the intestine during recovery from chemotherapy in rats. Further studies investigating the potential benefits of emu oil as a nutritional supplement for the treatment of intestinal disorders are indicated. Mucositis is a common side-effect of cancer chemotherapy (1) 
Mucositis is a common side-effect of cancer chemotherapy (1) , which drastically reduces the quality of life of patients undergoing treatment. Mucositis is a debilitating condition that can occur in all the regions of the gastrointestinal tract (1, 2) ; however, it most commonly affects the mucosa of the mouth (oral mucositis) and small intestine (intestinal mucositis). It is characterised by erosion and deterioration of the mucosa with symptoms including severe pain and bloating, diarrhoea and nausea (2, 3) . Chemotherapy-induced enterocyte apoptosis can ultimately result in the failure of gut barrier function, allowing translocation of pathogenic bacteria and endotoxins (4) into the bloodstream, resulting in systemic infection (3) . The rate of infection and sepsis in mucositis patients is directly proportional to the severity of the condition (3) . Mucositis remains one of the primary determinants of morbidity and mortality in patients undergoing treatment for cancer (5) as a consequence of these secondary complications. Indeed, symptoms can progress to the stage whereby chemotherapy must be ceased (3) . Currently, there are no effective treatments for intestinal mucositis (6, 7) , although a number of agents are undergoing investigation, including keratinocyte growth factor-1 (2, 8, 9) , insulin-like growth factor-I (10, 11) , whey growth factor extract (12, 13) and velafermin (fibroblast growth factor-20) (14) . The emu (Dromaius novaehollandiae) is a large flightless bird of the order Struthioniformes, traditionally endemic to Australia, but now farmed around the world for its meat, leather and, most recently, oil (15) . Emu oil is extracted from both the subcutaneous and retroperitoneal fat of the bird by first rendering the macerated tissue, and then passing the liquefied fat through a series of filters to extract a purified oil (16) . Some manufacturers also use centrifugation to separate the oil from other extraneous components of the adipose tissue. Emu oil is predominantly composed of fatty acids (FA), with a lipid content of 98·8 % for the subcutaneous adipose tissue and 98·0 % for the retroperitoneal adipose tissue (16) . Oleic acid constitutes approximately 43-46 % of the FA component, with linoleic acid (9·6 %), palmitic acid (23·5 %), stearic acid (9·1 %) and linolenic acid (0·6 %) also being present. The composition of the remaining 1-2 % is yet to be conclusively defined, although natural antioxidants, such as carotenoids and flavones, and skin permeation-enhancing factors have been identified in oil preparations (15) . Emu oil was first used by indigenous Australians, and then by early European settlers, to provide relief from pain and to promote wound healing (15) . Emu oil has also been reported to possess analgesic properties (15) ; however, there have been no rigorous experimental studies to support these claims. Recent studies have focussed on the effects of emu oil on arthritis and dermal inflammation in animal models (15,17 -19) . Topical application of emu oil to animals has been shown to reduce the levels of tumour necrosis factor-a and other proinflammatory cytokines in a model of adjuvant-induced inflammation (17) . These cytokines are known to be involved in the pathogenesis of mucositis, thus indicating a potential role for emu oil in the treatment of chemotherapy-induced intestinal inflammation (15, 17, 18) . The promising anti-inflammatory effects displayed by emu oil in previous studies (15, 17, 18, 20) suggest the potential for therapeutic benefit in chemotherapy-induced mucositis. Accordingly, we hypothesised that emu oil ingestion would decrease the severity of intestinal damage induced by the chemotherapeutic drug, 5-fluorouracil (5-FU), in a rat model of mucositis, potentially through the inflammation-modulating effects of the n-3 and n-9 FA constituents of the oil.
Materials and methods

Animal studies
Female Dark Agouti rats (n 80; 110-150 g) were housed in individual metabolic cages (Tecniplast, Exton, PA, USA) in a climate-and light-controlled room, and were given ad libitum access to water and food (18 % casein-based diet (21) ). Rats were randomly allocated to one of the following groups (n 8): 5-FU (Mayne Pharma Pty Ltd, Mulgrave, Vic, Australia) and water, 48, 72 and 96 h, 5-FU and 0·5 ml emu oil, 48, 72 and 96 h; and 5-FU and 1 ml emu oil, 48, 72 and 96 h. A negative control group was gavaged with water, and it received a saline injection instead of 5-FU. Emu oil was prepared by utilising specific methodologies developed for Technology Investment Corporation by Emu Tracks Pty Ltd (Marleston, Adelaide, SA, Australia). Briefly, these processes involved the rendering and filtration of emu adipose tissue, with appropriate considerations for delivery of quality assurance and product consistency. The complete FA composition of the emu oil utilised in the present study is listed in Emu oil or water was administered daily via orogastric gavage between 2 120 and 72 h of the experimental period ( Fig. 1) . At 0 h, all rats were intraperitoneally injected with a single dose of either saline (control group) or 5-FU (150 mg/kg; Fig. 1 ). Body weight, feed/water intake and faecal/urine output were monitored and recorded on a daily basis. Rats were killed 48, 72 or 96 h post 5-FU injection ( Fig. 1 ) by CO 2 asphyxiation followed by cervical dislocation.
Sucrose breath test
The sucrose breath test was performed as a non-invasive assessment of small intestinal brush border disaccharidase activity (22) . The sucrose breath test was performed before the commencement of the trial (2 120 h), immediately before 5-FU injection (0 h) and before killing (48, 72, 96 h post injection; Fig. 1 ). After an overnight fast, rats were gavaged with 1 ml of 0·25 g/ml sucrose solution, naturally labelled with 13 C. Rats were then placed in sealed plastic containers for 2 min, before a 10 ml sample of breath was collected into an evacuated tube. Breath samples were collected at 0, 15, 30, 45, 60, 75, 90, 105 and 120 min after the administration of the sucrose solution. Breath samples were analysed for 13 C content using isotope ratio mass spectrometer. Data were expressed as mean percentage cumulative dose at 90 min after sucrose gavage as described previously (22) . Percentage cumulative dose at 90 min is the percentage of 13 C dose/h recovered in the breath 90 min post sucrose administration. This gives an indirect indication of the rate at which sucrose is being cleaved by sucrase in the small intestine, and therefore, how much sucrase is present on the enterocytes in the small intestine. The sucrose breath test has been found to correlate significantly with in vitro sucrase activity (r 0·85) (23) .
Tissue collection
After killing by CO 2 asphyxiation and cervical dislocation, the gastrointestinal tract of each animal was removed, measured, emptied of contents and weighed. Segments (2 cm) were removed from the duodenum, jejunum, jejunum -ileum (JI) junction, ileum and colon, and were placed in 10 % buffered formalin for histological analysis. In addition, segments (4 cm) directly adjacent to the corresponding histological samples were collected and snap-frozen in liquid N 2 for biochemical analyses. Samples were stored at 280 8C, until prepared for analysis by homogenisation in 10 mM phosphate buffer. The remaining visceral organs (thymus, spleen, lungs, heart, liver and kidneys) were weighed and discarded.
Biochemical analysis
Myeloperoxidase (MPO) levels in the small intestine were determined as an indicator of neutrophil infiltration, and hence, acute inflammation, using techniques described by Howarth et al. (12) . Thawed, homogenised samples were centrifuged at 13 000 g for 10 min, after which the supernatant was discarded, and the tissue homogenate was re-suspended in 0·5 % hexadecyltrimethyl ammonium bromide. After vortexing for 2 min, samples were again centrifuged (5000 g for 2 min). The supernatants were then aliquoted into ninetysix-well plates. After the addition of an o-dianisidine reagent, the change in absorbance was measured at 450 nm (Sunrise Microplate Absorbance Reader, Tecan Austria GmbH, Grödig, Austria).
Histological analyses
Samples of small intestine were transferred from 10 % buffered formalin into 70 % ethanol 24 h after collection. Specimens were then routinely processed and embedded in paraffin wax, and 4 mm sections were prepared and stained with haemotoxylin and eosin. Small intestinal crypt depth (CD) and villus height (VH) were measured in the jejunum, JI junction and ileum (forty villi and forty crypts per section) (12) . Overall histological damage severity of intestinal sections was also assessed and scored semi-quantitatively according to methods described by Howarth et al. (12) . The parameters assessed were villus/crypt ratio, enterocyte disruption, reduction in goblet cell numbers, crypt disruption, crypt cell disruption, lymphocyte and polymorphonucleocyte infiltration, thickening/oedema of the submucosa and thickening of the muscularis externa (12) . All analyses were performed in a blinded fashion using a light microscope (Olympus BH-2, Tokyo, Japan), digital camera (Sony, Tokyo, Japan) and Image Pro-Plus Software Package version 4.5.1.2.7 (Media Cybernetics, Silver Spring, MD, USA).
Statistical analysis
Statistical analyses were conducted using SPSS 15.0.1 for Windows (SPSS, Inc., Chicago, IL, USA). Daily metabolic data were analysed using a repeated measures ANOVA with Holme's post hoc test (P, 0·05 significance) to compare the differences both among groups and within groups across the duration of the trial. Overall histological damage severity was compared by a Kruskal -Wallis test with Bonferroni's post hoc test, and was expressed as median (range). All other data were compared by one-way ANOVA with Tukey's post hoc test, and were expressed as means with their standard errors. For all the data, P, 0·05 was considered significant.
Results
Before the administration of 5-FU, all rats gained body weight, with no significant differences among groups (P. 0·05; Fig. 2 ). Following 5-FU/saline administration, all the 5-FU-injected rats, including those treated with emu oil, experienced significant weight loss (P, 0·05). This decrease in body weight continued over the remainder of the experimental period, with no significant differences between the 5-FU groups (Fig. 2) . Normal animals maintained weight for the duration of the trial.
Brush border sucrase activity was used as an indicator of the health and maturity of the epithelial cells which line the intestine. No significant differences in percentage cumulative dose at 90 min were observed at 120 h before and immediately before 5-FU/saline administration (Fig. 3) . However, at 48, 72 and 96 h post 5-FU/saline administration, a significant decrease of up to 87 % in percentage cumulative dose at 90 min was evident in all the rats that received 5-FU, including those treated with emu oil, with no significant differences being observed among rats in all the 5-FU-treated groups. Normal rats maintained percentage cumulative dose at 90 min at initial levels for the duration of the trial.
Administration of 5-FU induced a significant increase (275 %) in MPO activity in the jejunum relative to normal controls (P, 0·0001; Fig. 4(a) ). One millilitre of emu oil administered to 5-FU-treated animals significantly decreased MPO activity compared with 5-FU controls at 48 and 96 h (Fig. 4(a) ). The lower dose of emu oil (0·5 ml) exerted a lesser effect, with no statistically significant difference between 0·5 ml emu oil-injected groups and either the normal or 5-FU-injected controls at 48 h (Fig. 4(a) ). At 72 h, 5-FU significantly elevated the levels of MPO in the jejunum in all the groups compared with normal controls (P, 0·0001). At both the doses, emu oil had no effect on MPO activity at this time point (P . 0·05; Fig. 4(a) ).
In the mid-small intestine (JI), 5-FU did not induce a significant elevation in MPO levels at 48 and 72 h (P,0·05). Neither dose of emu oil altered MPO levels within the JI relative to the normal or 5-FU controls at these early time points (P. 0·05). At 96 h, however, both the 0·5 and 1 ml emu oil doses significantly reduced the levels of MPO compared with 5-FU controls (P, 0·05; Fig. 4(b) ).
In the ileum, no significant reduction in MPO levels with either dose of emu oil occurred at the early 48 and 72 h time points relative to 5-FU controls (P. 0·05); however, at 96 h, MPO activity was decreased to levels comparable to that of normal rats (P,0·01; Fig. 4(c) ).
Small intestinal sections stained with haemotoxylin and eosin were examined for 5-FU-induced damage, which manifests as shortened villi and crypts, due to reduced cellularity (6) . In the recovery phase, it is usual for CD to increase above normal, as cell proliferation is stimulated to repair damage sustained from 5-FU administration (24) . At 48 h post 5-FU administration, emu oil (1 ml) only minimally improved VH in the proximal intestine compared with 5-FU-treated control rats, although this was not maintained in the more distal regions of the intestine, the JI and ileum (data not shown). At 72 h post 5-FU administration, no effect was apparent with either dose of emu oil in any section of the intestine, with no significant differences among all the 5-FU-treated groups (P. 0·05). In the jejunum 96 h post 5-FU administration, only the lower dose of emu oil increased VH relative to 5-FU controls, with no other significant effects being observed. This was also evident in the JI, where emu oil had no apparent effect on VH (P. 0·05). In the ileum, only the higher dose of emu oil (1 ml) was able to significantly increase VH in relation to the normal control (Fig. 5) . At 48 and 72 h, there were no significant differences in CD among treatments (P.0·05), with the exception of the jejunum at 48 h, where 5-FU significantly shortened crypts relative to normal rats. The greatest differences in CD were at 96 h, when, in the jejunum and ileum, the crypts in all the 5-FU-treated rats were significantly longer compared with normal controls (Fig. 5) . In the JI, only the high dose of emu oil was able to significantly lengthen crypts relative to the normal controls (Fig. 5) .
5-FU injection induced a significant increase in the histological severity scores compared with normal rats (unpublished results). No significant differences in severity scores were observed among the 5-FU-treated groups at any time point (P. 0·05).
Discussion
In the present study, emu oil was unable to impact significantly on the induction phase of mucositis, suggesting that it was incapable of decreasing the peak severity of mucositis. However, although emu oil did not appear to exert any protective effects on the intestine, there were indications that the rate of recovery from mucositis could be improved. Emu oil altered specific parameters associated with 5-FU-induced damage in the recovery stage of mucositis (96 h), relative to the untreated controls, including a significant decrease in activated neutrophil infiltration and improvements in CD and VH. The emu oil-induced effects did not appear to be dose dependent. This proof-of-concept study represents the first report of decreased intestinal inflammation following oral administration of emu oil. The decrease in acute inflammation, as indicated by decreased MPO activity, is supported by previous studies in which topical application of emu oil reduced the severity of arthritis and dermal inflammation (17 -20) . A number of hypotheses relate to the potential mechanism by which emu oil exerts its anti-inflammatory effects. It has been suggested that the n-3 and n-9 FA present in emu oil may be involved in its anti-inflammatory action (17) . Yoganathan et al. (17) proposed that the anti-inflammatory properties of emu oil are not fully explained by the FA profile, and that other components of emu oil, such as tocopherols, carotenoids and flavones, may exert additional anti-inflammatory (25) and anti-oxidant (26) effects. A recent study by Bennet et al. (27) has suggested that the radical-scavenging properties of emu oil were most likely due to the minor constituents in the non-TAG fraction of the oil (27) , which, in combination with the FA component, offered greater protection against oxidation. These antioxidants may have impacted on levels of damaging reactive oxygen species which are generated in the first of five recognised stages of mucositis (3, 6, 28, 29) . The initial stage occurs immediately after the introduction of cytotoxins into the system, and it is these reactive oxygen species which are responsible caused to damage to cells, tissues and blood vessels (29) . In addition, a series of downstream effects occur, including an increase in the levels of secondary messengers and transcription factors such as NF-kB (6) , with subsequent up-regulation of secondary messengers and proinflammatory cytokines. Indeed, a previous study investigating croton oil-induced inflammation demonstrated that topical application of emu oil was able to decrease expression of proinflammatory cytokines such as TNF-a, IL-1b and IL-6 (6) . In the present study, emu oil maintained villus structure along the length of the small intestine, and at 96 h, CD was significantly increased in the ileum, suggesting that emu oil had stimulated mucosal growth in the recovery phase of mucositis. Possible mechanisms for this observation include an increase in cell proliferation, a decrease in apoptosis, cell hypertrophy or a combination of these factors. Previous studies have shown that the intestine has the ability to grow and adapt if one section is severely damaged (30) . This has been demonstrated in short bowel syndrome in which compensatory alterations include increased CD and VH as well as enterocyte proliferation (30) . Haxhija et al. (31) reported that the adaptive response in the small intestine varied depending on the area of damage. Damage occurring predominantly in the proximal small intestine resulted in the cells in the ileum becoming hypertrophic; however, in response to ileal damage, jejunal cells became hyperplastic (31) . In the present study, compensatory hypertrophy may have occurred in the ileum, as 5-FU preferentially damages the upper small intestine due to the higher cell turnover rate. This response could have explained the increase in CD observed in the ileum.
Damage to the brush border of the small intestine, such as that resulting from mucositis, (i.e. ulceration, and/or shortening and blunting of the villus) has an adverse impact on sucrase expression (22) ; therefore, sucrase activity was used as an indirect indicator of intestinal integrity and maturity. sucrose breath test results in the present investigation indicated no demonstrable maintenance of sucrase activity by emu oil, although a similar effect had been described in a previous study in which the effect of another lipid-based extract, Lyprinole, was examined in the 5-FU mucositis model (32) . Lyprinole failed to improve sucrase activity, despite improvements in other parameters including CD and cell proliferation (32) . Histological analysis in the present study indicated that villus structure in both emu oil treatment groups did not significantly differ from that in the saline controls at any time point. The greater CD in the ileum that is evident at 96 h following the administration of emu oil may have been due to a rapid increase in crypt cell proliferation, in order to repair damage to the intestine; however, these cells may not have had sufficient time to mature and begin actively synthesising sucrase before migration up the villus. An increase in enterocyte proliferation may therefore have been a mechanism for emu oil action in the present study. Future studies, building on the positive indications found in this efficacy study, would benefit from the examination of different emu oil doses, inter-batch variation, comparison to other oils with known anti-inflammatory properties and the effects on the healthy gastrointestinal tract. In addition, identification of the individual bioactive factors would facilitate more targeted development of emu oil preparations with greater potency, and lead to a greater understanding of the underlying mechanisms of the changes observed in the present study.
In conclusion, emu oil was not able to maintain body weight and sucrase activity or to decrease histological severity scores following chemotherapy. However, it was able to decrease chemotherapy-associated inflammation in the small intestine, and alter the mucosal architecture in the recovery phase of mucositis. The promising results from the present study indicate that a further investigation of emu oil as a nutritional supplement to promote healing of the damaged intestine, following the resolution of cancer treatment, is required.
